A significant increase in gene expression of TRPV5, TRPV6, calbindin-D28k and TRPM6 was found during high-salt treatment, while low salt and dehydration diminished expression. These findings were confirmed with immunofluorescence studies. High-salt and low-salt intake or dehydration did not cause any significant changes in WNK1, WNK3 and WNK4. Conclusions: Alternations in salt and water intake affect renal calcium and magnesium handling. High-salt intake increases the distal delivery of the divalent cations which upregulates distal tubule calcium and magnesium transport molecules, while the opposite effects are associated with low-salt intake or dehydration.
decreased by a high-salt diet, thereby maintaining salt homeostasis [1] . An appropriate adaptation mechanism is a pivotal function of the kidney in response to various physiological and pathophysiological insults [2] .
The distal tubule, by definition, comprises the thick ascending limb of Henle, distal convoluted tubule (DCT) and connecting tubule [3] . While most filtered molecules are reclaimed in the proximal tubule, the distal tubule plays the role as a fine-tuning mechanism for determining urinary excretion of solutes by the kidney. For divalent cations, calcium and magnesium, novel epithelial calcium (TRPV5, TRPV6) and magnesium (TRPM6) channels have recently been identified in the DCT. In addition to calciotropic hormones such as parathyroid hormone (PTH) and vitamin D, a variety of factors are known to modulate the transport of calcium and magnesium in these segments [4, 5] . More recently, the with-no-lysine kinase (WNK) family was found to be an important regulator of sodium and potassium homeostasis in the distal nephron [6] , and both WNK3 and WNK4 can regulate TRPV5 directly [7, 8] .
Alterations in salt and fluid are known to affect renal excretion of divalent cations [9, 10] , but the mechanisms are not fully understood. Previous studies have shown that a low-salt diet does not affect renal expression in TRPV5 or calbindin-D28k [11, 12] . In the present study, we aimed to investigate renal calcium and magnesium handling during variations in salt and fluid intake, the corresponding changes in major transport molecules of calcium and magnesium, and potential mechanisms of this renal adaptation.
Materials and Methods

Study Design
Male Sprague-Dawley rats weighing 180-250 g were used for this experiment. All rats were maintained under a constant 12-hour photoperiod at temperatures between 21 and 23 ° C. They were allowed free access to selected food and water. The control diet (Altromin, Lage, Germany) contained sodium (0.2%), calcium (0.9%) and magnesium (0.2%). The low-salt diet was prepared with 0.03% sodium, 0.9% calcium and 0.2% magnesium (Altromin). This study was approved by the Institutional Animal Care and Use Committee (IACUC) of Kaohsiung Chang-Gung Memorial Hospital. The rats were divided into four groups: (1) control animals, (2) those fed with high-salt drinking water (0.8%) for 1 week, (3) those fed a lowsalt diet (sodium: 0.03%) for 1 week, and the dehydration group, which were deprived of drinking water for 3 days continuously [13] . The daily intake of food and water was calculated and averaged. The urine amount was collected every day during the experiment and then averaged. At the end of study, body weight was measured and compared with the weight at entry of this study.
Biochemical Measurement
At the end of the experiment, the concentration of creatinine, sodium, calcium and magnesium of the urine samples were determined. During the harvesting of the animals, blood samples were collected via the abdominal aorta for blood gas analysis, and serum creatinine, sodium, calcium and magnesium levels were measured as previously described [14] . Blood gas analysis was performed using AVL Omni series blood gas analyzers (Roche Diagnostics).
To verify the volume status, the plasma aldosterone level and urine osmolality were also determined. Aldosterone was determined by using Aldosterone Maia Kit (Adaltis Inc., Montreal, Que., Canada). Urine osmolality was determined by the freezing point depression method. Levels of serum 25-hydroxy vitamin D were determined by using the Liaison 25 OH vitamin D total assay (DiaSorin Inc., Stillwater, Minn., USA). The serum 1,25-dihydroxy vitamin D level was determined by a rat 1,25-dihydroxy vitamin D 3 ELISA kit (Cusabio Biotech Co. Ltd., Wuhan, China). A rat intact PTH ELISA kit (Immutopics Inc., San Clemente, Calif., USA) was used to measure the serum intact PTH level.
Molecular Studies: Gene Expression Analysis
Renal cortex tissue was dissected and total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, Calif., USA). Reverse transcription for cDNA synthesis was performed using a reverse transcription system (Promega, Madison, Wisc., USA).
Gene expression was analyzed by employing real-time polymerase chain reaction (PCR). The molecules involved in calcium transport, including TRPV5, TRPV6 and calbindin-D28k, were assessed in all four animal groups. For magnesium transport, the TRPM6 and claudin-16 genes were studied. Gene expression of NCC, long (L)-WNK1 and kidney specific (KS)-WNK1, WNK3 and WNK4 were also investigated in each group. The mRNA abundance of β-actin was used as the internal reference for each gene evaluated. The synthesized cDNA was then subjected to realtime PCR using the ABI prism 7900 HT Sequence Detection System (ABI, Foster City, Calif., USA). The emission signal was assessed using the fluorescent dye SYBR Green (ABI). The primer sequences of the studied genes are listed in table 1 . To determine the gene expression, genes investigated in the present study were calculated as 2 -(target gene Ct -β-actin Ct) , where Ct represents the first cycle at which the output signal exceeds the threshold signal. The PCR reaction of each gene was performed in triplicate to obtain a mean value. The changes in gene expression are presented as percentages of the control group animal values.
Immunoblotting Study
Renal cortex sections were frozen at -80 ° C and then homogenized at 4 ° C in protein lysis buffer solution containing 20 m M Tris-HCL (pH 7.4), 0.1% sodium dodecyl sulfate (SDS), 5 m M EDTA, 1% Triton X-100 and a protease inhibitor cocktail tablet (Roche, Penzberg, Germany). After determining the concentration, the protein samples were run on 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis and then transferred to nitrocellulose membranes. After blocking with 10% nonfat milk, the membrane was incubated with WNK1 antibody (1: 200; Novus Biologicals, Littleton, Colo., USA), WNK3 antibody (1: 200; Biorbyt, Waterbeach, UK) and WNK4 antibody (1: 500; Abcam, Cambridge Science Park, UK). The membrane was then incubated with goat anti-mouse antibody conjugated with horseradish peroxidase (1: 10,000) and anti-rabbit IgG, horseradish peroxidase-linked an-21 tibody (1: 5,000; Cell Signaling Technology Inc., Danvers, Mass., USA) accordingly. β-Actin was used as the internal control in this study. The abundance of investigated molecules was then quantified by densitometric analyses. The changes in protein abundance are presented as percentages of the control animal values.
Immunofluorescence Staining
Frozen kidney cortex tissue was used for calbindin-D28k and TRPV5 protein assessment in the four animal groups. Sections of 5 μm in thickness were fixed with 4% paraformaldehyde and incubated with primary antibody (monoclonal anti-calbindin-D28k antibody, 1: 3,000; SWANT, Bellinzona, Switzerland, and rabbit anti-rat ECaC1, 1: 100; Alpha Diagnostic International, San Antonio, Tex., USA) for 16 h, and then with FITC-conjugated secondary antibodies for calbindin-D28k (Jackson ImmunoResearch Laboratories Inc., West Grove, Pa., USA) and streptavidin/FITCconjugated secondary antibody for TRPV5 (DakoCytomation, Dako Corp., Carpinteria, Calif., USA) for 30 min. The immunofluorescence pictures were then taken using a Zeiss fluorescence microscope connected with a digital photo camera (Evolution VF, MediaCybernetics). Semiquantitative determination of the protein expression was performed with the Image-Pro Plus 5.0 image analysis software. The amount of protein was expressed as the mean of integrated optimal density. The alternation is expressed as percentage of the control animal values [14] .
Statistical Analyses
Data are presented as means ± SEM. Statistical analyses of the data were performed using SPSS-PC software. One-way ANOVA followed by Tukey's post hoc comparisons was utilized for multiple group comparisons. A p value of less than 0.05 was considered statistically significant for all tests.
Results
General and Biochemical Data
The daily food intake was similar among study animals except for the dehydration group. A roughly twofold increase of daily water intake was noted in the high-salt group when compared with the control and low-salt groups. No significant difference was noted between the low-salt and control groups. The daily urine amount was markedly decreased in the dehydration group, decreased by 20% in the low-salt group and not changed in the high-salt group. Animals in the high-and low-salt groups continued to grow during the 7 days when comparing their body weight between the start and end of the study (all p < 0.05). A significant decrease in body weight was observed in the dehydration group (p < 0.05). After 1 week of treatment, urinary sodium, calcium and magnesium excretion was increased in the high-salt group animals, and the amount was decreased significantly in the low-salt group. Three-day dehydration was also associated with a decrease in urinary sodium (-72.7%), calcium (-77.6%) and magnesium (-46.2%) excretion. The renal function as determined by serum creatinine levels was not affected by high-or lowsalt intake. Similar to the study reported by Moreno et al. [13] , after 3-day dehydration, serum creatinine levels remained normal indicating that there was no acute kidney injury. The serum concentrations of sodium were significantly lower in the low-salt group and higher in the dehydration group. Urine osmolality was significantly higher in the high-salt and dehydration groups than in the control animals. It was also significantly higher in the dehydration group than in the high-salt group (p < 0.05). Animals fed a low-salt diet were associated with lower urine osmolality than the other groups (p < 0.05; table 2 ).
Plasma aldosterone levels were significantly higher in the low-salt and dehydration groups compared to the control and high-salt groups. Moreover, the low-salt group had higher levels of aldosterone than the dehydration group (p < 0.05). Animals in the high-salt group had lower aldosterone levels than the control animals, but this did not reach statistical significance. The serum levels of intact PTH of the high-salt group were significantly higher than those of the control animals, but were not affected by low-salt intake or dehydration. Serum levels of 25-hydroxy, and 1,25-dihydroxy vitamin D were similar among the four groups. To assess the effects on acid-base status, arterial blood gas analysis was performed at the end of study. Variations in either high-or low-salt intake did not induce significant changes in pH values or serum concentrations of bicarbonate. Metabolic alkalosis was noted in the dehydration group, which had significantly higher pH and bicarbonate levels than the other three groups (all p < 0.05; table 3 ). 
Gene Expression Analysis (n = 8 in Each Group)
The results of RT-PCR show that high-salt treatment significantly increased the expression of TRPV5, TRPV6, calbindin-D28k and TRPM6 (TRPV5: 231 ± 5%, TRPV6: 169 ± 7%, calbindin-D28k: 199 ± 4% and TRPM6: 177 ± 5% of control, all p < 0.05; fig. 1 a-d) . In the low-salt and dehydration groups, a significant decrease in these molecules was observed (low salt: TRPV5: 54 ± 7%, TRPV6: 44 ± 6%, calbindin-D28k: 59 ± 4%, TRPM6: 62 ± 5%; dehydration: TRPV5: 61 ± 6%, TRPV6: 55 ± 5%, calbindinD28k: 48 ± 4%, TRPM6: 59 ± 5%, all p < 0.05; fig. 1 a-d ).
There was a significant increase of NCC expression in the dehydration group (159 ± 4%, p < 0.05), but the expression was not altered in the high-or low-salt groups (high salt: 110 ± 2%, low salt: 125 ± 3%, both p > 0.05; fig. 1 e) . No significant changes in claudin-16 were observed in the three groups (high salt: 122 ± 5%, low salt: 128 ± 4%, dehydration: 89 ± 7%, all p > 0.05; fig. 1 f) . As for the WNKs, there were no differences in mRNA abundance in L-and KS-WNK1, WNK3, or WNK4 among the four groups of animals ( fig. 2 a-d) .
Immunoblotting and Immunofluorescence Staining (n = 4 in Each Group)
The results of Western blotting showed that the protein abundance of WNK1 was similar among the four groups (high salt: 86 ± 3%, low salt: 92 ± 3%, dehydration: 116 ± 2%, all p > 0.05). No significant changes were observed in WNK3 (high salt: 88 ± 2%, low salt: 112 ± 1%, dehydration: 93 ± 3%, all p > 0.05) or WNK4 (high salt: 115 ± 3%, low salt: 103 ± 3%, dehydration: 96 ± 1%, all p > 0.05; fig. 3 ). Immunofluorescence staining revealed an increased abundance of TRPV5 and calbindin-D28k in the highsalt group (TRPV5: 226 ± 4%, calbindin-D28k: 213 ± 2%, both p < 0.05). The abundance was decreased in the lowsalt (TRPV5: 53 ± 2%, calbindin-D28k: 52 ± 3%, both p < 0.05) and dehydration groups (TRPV5: 47 ± 3%; calbindin-D28k: 55 ± 2%, both p < 0.05; fig. 4 a-b) .
Discussion
Our results confirm previous studies showing that increased salt intake causes urinary calcium loss [9, 15] . In the presence of increased calcium excretion, the abundance of distal calcium transport molecules such as TRPV5, TRPV6 and calbindin-D28k were increased. We 24 also demonstrated similar changes in magnesium excretion and upregulation of TRPM6. In contrast, animals fed a low-salt diet exhibited a decreased expression of calcium and magnesium transport molecules. These results indicate that salt intake can modulate the expression of DCT calcium and magnesium transport. Furthermore, volume depletion induced by dehydration also resulted in marked diminished urinary divalent cation excretion and downregulation of all relevant transport molecules. Renal sodium and calcium handling are closely related although the transport mechanism differs from segment to segment [16, 17] . In the proximal tubule, sodium and calcium are transported parallel to each other. The transport of both sodium and calcium in the proximal tubule are suppressed by high-salt intake [9] , but enhanced by low-salt intake and dehydration. Therefore, the distal delivery of calcium is affected by salt and fluid intake. When rats receive a high-salt diet, the increased calcium delivery to the DCT enhances the expression of transport molecules as a compensatory mechanism to avoid excessive calcium loss. These findings are similar to our previous studies that showed furosemide increased the distal delivery of calcium, which was associated with the upregulation of calcium transport molecules [18] . When distal delivery calcium is diminished by low-salt intake or dehydration, calcium transport molecules are downregulated. Previously, Nijenhuis et al. [11] reported no downregulation of TRPV5 or calbindin-D28k after 4 days of a low-salt diet. It is likely that this adaptation is time dependent. Our results indicate sodium intake can modulate the expression of calcium transport molecules in the DCT.
There are other factors which affect DCT calcium transport molecules. In the present study, we found that high-salt treatment is associated with elevated PTH levels. A previous study also demonstrated that increased salt intake was associated with compensatory hyperparathyroidism [15] . It has been well established that PTH upregulates TRPV5 and calbindin-D28k [19] . It is likely that the upregulation of DCT calcium transport molecules induced by high-salt intake is in part due to hyperparathyroidism.
We found that animals in the dehydration group presented with volume contraction and metabolic alkalosis. It has been shown that metabolic alkalosis is associated with the upregulation of calcium and magnesium transport molecules [20] . In that study, metabolic alkalosis was induced by NaHCO 3 administration; however, our study induced metabolic alkalosis by volume depletion, which markedly reduces the distal delivery of calcium by increased reabsorption in the proximal tubule [16] . It appears that even in the presence of systemic alkalosis, the distal delivery of calcium remains the major determinant for the expression of calcium transporters.
To investigate potential upstream regulators of DCT calcium transport molecules, we measured the mRNA and protein abundance of the WNK family members. We did not find any significant changes in either mRNA or protein abundance of any WNK. Similar findings have been reported previously [21, 22] . Of note, O'Reilly et al. [21] demonstrated a borderline significant downregulation of WNK1-S in a low-salt group when compared with a high-salt group. We observed a similar trend, but this trend did not reach statistical significance ( fig. 2 ). Therefore, the regulation of calcium transport molecules by salt and water intake does not involve the synthesis of WNKs. In contrast to calcium and magnesium channels, our study revealed the expression of NCC was not affected by changes of salt intake at the mRNA level. Previous studies have shown that NCC activities are increased by salt depletion; however, this increase is not due to increased NCC synthesis because the abundance of NCC mRNA remains unchanged [23] . We demonstrated similar results that low-salt intake increased serum aldosterone levels but did not affect NCC mRNA. More recently, Chiga et al. [22] elegantly demonstrated that low-salt intake increases phosphorylation of NCC through aldosterone. This process is mediated by phosphorylation of oxidative stress response kinase-1/STE20/SPS1-related proline alanine-rich kinase [24] . Unlike low-salt intake, water deprivation for 3 days resulted in a 60% increase in NCC expression at the mRNA level. The different effects on NCC mRNA abundance between low-salt intake and dehydration have been reported by Moreno et al. [13] . Therefore, the regulation of NCC transport activity is involved in multiple mechanisms including NCC synthesis, translocation and phosphorylation [24] .
The effect of dietary salt on renal magnesium handling has rarely been reported. One earlier study found that high-salt intake was associated with increased urinary calcium and magnesium excretion independent of adrenocorticoid hormones [10] . Because more than half of the filtered magnesium is reabsorbed in the thick ascending limb of Henle [4] , it is likely that the thick ascending limb of Henle is responsible for reduced magnesium reabsorption. Claudin-16 is one of the fundamental components of the tight junction expressed exclusively in this segment, and it is important for paracellular magnesium transport [25] . Although our study did not demonstrate a significant change of claudin-16 during experiments of variations in salt and fluid intake, this result did not exclude the probable change of paracellular transport. The increased distal delivery of magnesium by high-salt intake is likely to upregulate TRPM6 in the DCT, a similar load-dependent effect as we described in calcium transport. When the distal delivery of magnesium is diminished by low-salt intake or dehydration, downregulation of TRPM6 was observed in our study. Currently, no evidence supports a role of aldosterone in renal magnesium transport and TRPM6 regulation. While WNKs regulate renal tubular sodium, potassium and calcium transport [6] [7] [8] , our results did not suggest the linkage between WNKs and renal epithelial magnesium transport.
Our findings on TRPM6 expression suggest that the distal delivery of magnesium plays an important role on the regulation of DCT TRPM6. However, Groenestege et al. [26] showed that magnesium depletion upregulates TRPM6 as an important defense mechanism to reclaim magnesium. In their study, renal TRPM6 was upregulated in spite of low urine magnesium excretion. Although the distal delivery of magnesium is low in both magnesium-depleted and salt-/volume-depleted animals, the regulation of TRPM6 in the DCT is the opposite. This different response may be due to the difference in serum magnesium levels. As shown in table 2 , in our low-salt or dehydration rats, serum magnesium levels were normal. It is likely that hypomagnesemia in magnesium-depleted animals overrides the effect of distal magnesium delivery. Interestingly, variations in magnesium diets have opposite effects on the expression of colon TRPM6 from renal TRPM6: the colon TRPM6 is upregulated by a high-magnesium diet, while renal TRPM6 is upregulated by a lowmagnesium diet [26] . It appears that the luminal magnesium level may serve as a local regulation of TRPM6 expression in both the colon and DCT, while the DCT TRPM6 seems to be under a systemic regulation related to magnesium balance.
In conclusion, during modification of salt and fluid intake, the kidney adapts with corresponding changes in divalent cation excretion. High-salt intake increases the distal load of calcium and magnesium and PTH levels which contribute to the upregulation of transport molecules. Low-salt intake and fluid restriction decreases the calcium and magnesium load to the DCT and downregulates transport molecules.
